We investigated the effect of Kluyveromyces lactis ERG6 gene deletion on plasma membrane function and showed increased susceptibility of mutant cells to salt stress, cationic drugs and weak organic acids. Contrary to Saccharomyces cerevisiae, Klerg6 mutant cells exhibited increased tolerance to tunicamycin. The content of cell wall polysacharides did not significantly vary between wild-type and mutant cells. Although the expression of the NAD + -dependent glycerol 3-phosphate dehydrogenase (KlGPD1) in the Klerg6 mutant cells was only half of that in the parental strain, it was induced in the presence of calcofluor white. Also, cells exposed to this drug accumulated glycerol. The absence of KlErg6p led to plasma membrane hyperpolarization but had no statistically significant influence on the plasma membrane fluidity. We propose that the phenotype of Klerg6 mutant cells to a large extent was a result of the reduced activity of specific plasma membrane proteins that require proper lipid composition for full activity.
INTRODUCTION
Sterols are the major non-polar lipids of eukaryotic cell membranes, ensuring important structural and signaling functions. Published work reports the fundamental contribution of sterols to fluidity, permeability, microdomain formation, protein functionality, and membrane activities (Dupont et al. 2012) . Although the sterol precursors obviously substitute most of the general ergosterol functions, several investigations show that defects in sterol biosynthesis resulting in the accumulation of precursor molecules are associated with cellular disorder and disease (Kelley and Herman 2001; Panicker et al. 2012; Kanungo et al. 2013; Martin, Pfrieger and Dotti 2014) . However, the molecular and cellular consequences of the aberrant accumulation of sterol precursors are not completely understood. In fungi, the lack of the main membrane sterol, ergosterol, causes resistance against antifungal drugs of the polyene group (Schaller 2003; Permán, Canton and Espinel-Ingroff 2009) . The accumulation of specific ergosterol precursor(s) with a conjugated double bond on its side chain results in the cell mating defects, emphasizing the importance of the structure-function relationship of membrane sterols (Aguilar et al. 2010) . Subtle modifications in the aliphatic moiety of ergosterol can thus exert pronounced consequences on cell physiology.
On the other hand, the sterol biosynthetic pathway or its end product is a target for most of the antifungals currently used in agricultural settings and combating human infections (Kaneshiro 1998 (Kaneshiro , 2004 . The ERG6 gene product is not found in the cholesterol biosynthetic pathway in mammals and thus is a likely candidate as a drug target for fungal pathogens. The inability of erg6 mutants to methylate zymosterol was found to have a number of serious deleterious effects on physiological characteristics of the yeast cells (Lees, Bard and Kirsch 1997) .
Kluyveromyces lactis represents an alternative yeast model to the commonly used Saccharomyces cerevisiae. Even though these are phylogenetically close, K. lactis belongs to the species placed before the whole genome duplication (Wolfe and Shields 1997) . The redundancy of genes encoding different isoforms of the same protein is much lower in K. lactis, and its physiology is different from that in S. cerevisiae. Kluyveromyces lactis cannot grow under anaerobic conditions. Snoek and Steensma (2006) hypothesized that the lack of import of sterols might be one of the important reasons that K. lactis cannot grow in the absence of oxygen.
In our previous work, we showed that the KlERG6 gene deletion led to several deficiencies, presumably due to the enhanced drug permeability of K. lactis cells. Klerg6 gene deletion strain exhibited mostly similar phenotype to the S. cerevisiae erg6 mutant but different susceptibility to calcofluor white (Konecna et al. 2016) . Here, we show that the K. lactis erg6 mutant on the contrary to S. cerevisiae was able to tolerate tunicamycin also. Although the plasma membrane fluidity of the Klerg6 mutant cells was not significantly changed, the membrane was hyperpolarized. We propose that the changes observed in Klerg6 cells could be the result of imbalance in lipid raft constituents (ergosterol and sphingolipids), leading to the loss of activity of certain membrane proteins and deficiencies in signaling.
MATERIALS AND METHODS

Strains, culture conditions, plasmids and primers
Kluyveromyces lactis CBS2359ku80 (MATα ku80::loxP; Kooistra, Hooykaas and Steensma 2004) and S. cerevisiae BY4741 (MATa his3 1 leu2 0 met15 0 ura3 0) strains and their erg6 mutants were grown in YPD (2% glucose, 1% yeast extract and 2% Bacto peptone), or minimal (YNB) medium (0.67% yeast nitrogen base without amino acids, 2% glucose and appropriate nutritional requirements). The media were solidified with 2% Bacto agar wherever appropriate. An aqueous stock solution of hygromycin B 10 μg/mL, TMA (tetramethylammonium chloride 5 mol/L) and calcofluor white 10 mg/mL all supplied by SigmaAldrich (Bratislava, Slovak Republic), were sterilized by filtration and added to the media. Tunicamycin (Sigma-Aldrich) 1 mg/mL stock solution was prepared using DMSO (dimethyl sulfoxide, Sigma-Aldrich). The standard protocols for generating recombinant DNA, restriction enzyme analysis and gel electrophoresis were used (Sambrook, Fritsch and Maniatis 1989) . The E. coli XL1-Blue was used as a host for transformation, plasmid amplification and preparation. Kluyveromyces lactis strains were transformed by electroporation (Sánchez et al. 1993 ) using the Bio-Rad gene pulser at 1.0 kV, 25 μF and 400 in 0.2-cm cuvettes. Primers used in the study are described in Table S1 (Supporting Information). 
Serial drop dilution assay
Plasma membrane fluidity measurement
Steady-state anisotropy measurement
The steady-state fluorescence anisotropy of DPH and TMA-DPH was measured as described in Toth Hervay et al. (2015) . Data were processed in BL Development software and expressed as means with standard deviations from 10 independent experiments. For statistical analyses, the unpaired t test was used, and the level of statistical significance was set to P < 0.05.
Total RNA extraction and quantitative real-time PCR
Total RNA from cells grown in the minimal medium to the mid-logarithmic phase was isolated by the hot acidic phenol extraction method (Ausubel et al. 1989) . The DNase-treated RNA (Thermo Fisher Scientific, Waltham, USA) (1 μg) was reverse transcribed using 200 U of the Reverse AID H Minus M-MuLV Reverse transcriptase (Thermo Fisher Scientific). Quantitative real-time PCRs were performed in triplicate using the 7900 HT fast real-time PCR system. KlACT1 gene was used as an internal control for normalization. The threshold cycle (2 -CT ) method was used for calculating the differences in gene expression. 
Glycerol assay
Cells were grown in liquid YPD with or without 2.5 μg/mL calcofluor white or 0.015 μg/mL tunicamycin. Glycerol concentration in culture supernatants from 3 × 10 8 /mL cells boiled for 10 min was assayed using the Free Glycerol Reagent kit (Sigma-Aldrich), following the manufacturer´s instructions. Obtained values represent the average of three independent experiments, each conducted in triplicate.
Cell wall isolation
Cells grown in the late exponential phase were washed twice with cold deionized water and disrupted in the presence of glass beads (0.45-0.55 mm in diameter) for three cycles of 60 s each using a rotary disintegrator. The samples were further processed as described previously (Bardelcikova, Drozdikova and Obernauerova 2016) .
Determination of glucans and chitin
Lyophilized cell walls (10 mg) were used for the determination of glucans and chitin, respectively, as described in Bardelcikova, Drozdikova and Obernauerova (2016) . Glucose was estimated colorimetrically using the glucose oxidase-peroxidase test (BioLa-Test, Erba Lachema Czech Republic). N-Acetylglucosamine was determined according to Reissig, Strominger and Leoir (1955) . The values represent the means of three independent experiments.
RESULTS
The aim of our work was to get more insight into the role of KlErg6p in the adaptation to various stress agents in K. lactis. ERG6 gene is responsible for introducing the yeast-specific changes into the sterol side chain during the biosynthesis of the principal membrane sterol of yeast, ergosterol. Recently, we have shown that the KlERG6 gene deletion led to alterations of sterol profile and increased susceptibility to several growth inhibitors (Konecna et al. 2016) . In this study, we extended the observation by showing that the absence of KlErg6p significantly reduced the osmotolerance and weak acid tolerance of Klerg6 mutant strain but led to marked resistance of mutant cells not only to calcofluor white (Konecna et al. 2016) , but also to tunicamycin.
Klerg6 deletion affects plasma membrane potential and the tolerance of cells to hyperosmotic stress
The amount and the type of sterols in the plasma membrane markedly influence its regular barrier function. The plasma membrane contains various transporters, such as proteins that belong to the transport systems involved in alkali metal cation homeostasis. Therefore, we examined the differences in the growth of wild-type and the Klerg6 mutant in YPD media containing a range of alkali metal cation concentrations. As shown in Fig. 1B , the absence of ergosterol in K. lactis membranes and its replacement with zymosterol results in hypersensitivity to all alkali metal cations used. The observed hypersensitivity of Klerg6 mutant cells could be the result of the decreased activity of membrane proteins that efflux the toxic sodium and lithium cations or the surplus of potassium from the K. lactis cells.
To elucidate whether the accumulation of ergosterol precursors in the Klerg6 plasma membrane influences the membrane potential, we used the diS-C 3 (3) assay (Gaskova et al. 1998) . The method uses the fluorescent dye diS-C 3 (3) that accumulates in the cytosol according to the plasma membrane potential (negative inside) in cells lacking active multidrug resistance pumps (Hendrych et al. 2009 ). The accumulation of the probe in cells is reported by a time-dependent increase of the fluorescence emission maximum wavelength, λ max , (so-called staining curve) and takes ∼30 min to reach the equilibrium due to the cell wall barrier (Gaskova et al. 1998) . The staining curve of Klerg6 mutant cells showed a much faster initial rate of staining leading to faster establishment of the equilibrium staining level that was higher than that in parental cells (Fig. 1A) . The addition of diagnostic CD cocktail (indicator of membrane permeation) to Klerg6 mutant cells caused a drop of λ max to a value higher than that of the parental strain and corresponded to the difference in equilibrium staining of cells prior to CD cocktail addition. The staining pattern of Klerg6 mutant cells was typical for cells with a hyperpolarized plasma membrane due to an outflow of cations other than protons (Kodedova et al. 2011) .
Our result showing membrane hyperpolarization due to the Klerg6 deletion was further complemented by the assessment of sensitivity to hygromycin B and TMA. As shown in Fig. 1B , the Klerg6 mutant is much more susceptible to both the hygromycin B and TMA compared to the parental strain and the transformant containing the KlERG6 gene on multicopy plasmid. The phenotype of abnormal sensitivity to these toxic cations is presumed to be the result of plasma membrane hyperpolarization (Barreto et al. 2011 ).
KlERG6 gene deletion leads to increased susceptibility of K. lactis cells to weak acid stress
Weak acids are lipid soluble and able to penetrate cells by simple diffusion. In the cytoplasm, weak acid molecules dissociate into charged anions, unable to diffuse out of the cell. The methylation of the side chain of ergosterol as well as 5 double bond in its B-ring is very important (Guan et al. 2009 ) for energy-dependent extrusion of carboxylate anions from S. cerevisiae cells mediated by Pdr12p (Piper et al. 1998 (Piper et al. , 2001 ). We hypothesized that the absence of KlErg6p could influence the K. lactis Pdr12p function. Therefore, we tested the susceptibility of Klerg6 mutant to propionic, sorbic, benzoic and acetic acids. As shown in Fig. 2A , the absence of KlErg6p led to the increased susceptibility of Klerg6 mutant cells to all weak acids compared with the parental strain and the strain containing the plasmid with the KlERG6 gene. As shown in Fig. 2B , the transcript levels of the PDR12 (KLLA0B09702g) and PMA1 (KLLA0A09031g) orthologues in K. lactis were nearly the same in the parental strain and the Klerg6 deletion strain. After 20 min of incubation in the YPD medium containing 1 mmol/L sorbic acid, the level of KlPDR12 transcript increased in the Klerg6 mutant strain (Fig. 2C) . This demonstrates that the absence of KlErg6p does not prevent the transcriptional induction of KlPDR12 gene. The enhanced susceptibility of the Klerg6 mutant cells to weak organic acids could thus be the result of the reduced activity of Pdr12p. The transcript levels of the K. lactis PMA1 orthologue were the same in the wild type, and its Klerg6 mutant strain was grown either in weak-acid free medium or in the presence of sorbic acid.
Plasma membrane fluidity in the Klerg6 mutant
The sterol content of the plasma membrane affects its fluidity. To investigate whether the Klerg6 mutant susceptibility is attributable to changes in the plasma membrane fluidity, we measured the fluorescence anisotropy on whole cells using both DPH and TMA-DPH probes (Fig. 3) . TMA-DPH probe provides information on more superficial region of the plasma membrane as the polar region of the probe is anchored at the lipid-water interface, whereas the hydrocarbon moiety enters the lipid part of the membrane approximately equivalent to 10-carbon aliphatic chain (Prendergast, Haugland and Gallahan 1981; Kuhry et al. 1983) . On the other hand, DPH is incorporated into the hydrophobic regions of the lipid bilayer and measurement of its anisotropy correlates with membrane integrity or ordering of lipid molecules (Lakowicz 2006; Sharma 2006) . The fluorescence anisotropies of these probes are inversely proportional to cell membrane fluidity. As demonstrated in Fig. 3 , the differences in plasma membrane anisotropy between the K. lactis wild-type strain and the isogenic Klerg6 mutant are not statistically relevant. Therefore, it does not seem that the absence of KlErg6p influences the K. lactis plasma membrane fluidity.
Klerg6 and Scerg6 mutants differ in their susceptibility to tunicamycin
In K. lactis, differently from S. cerevisiae, the ERG6 deletion leads to increased tolerance to tunicamycin, a natural inhibitor of Nlinked glycosylation (Back et al. 2005) (Fig. 4) . In our previous work (Konecna et al. 2016) , we showed an increased tolerance of Klerg6 strain to calcofluor white, a specific interactor of chitin (Roncero et al. 1988) .
To elucidate whether the observed tolerance of K. lactis erg6 mutant to calcofluor white could be attributed to differences in the concentrations of cell wall polysacharides, we estimated the cell wall glucan and chitin content in the parental Klerg6 mutant strains. As shown in Table S2 (Supporting Information), the contents of glucan and chitin did not significantly vary between the parental and Klerg6 mutant cells. Garcia-Rodriguez, Duran and Roncero (2000) showed that the antifungal effect of calcofluor white depends not only on its binding to cell wall chitin, but also on the presence of a functional HOG pathway. The kinase activity of Hog1p is also required to deal with the N-glycosylation defects promoted by tunicamycin exposure. As the Hog1p activation stimulates de novo glycerol synthesis by increasing the expression of glycerol-3-phosphate dehydrogenase (GPD1), we estimated the glycerol production in the parental strain and the Klerg6 mutant. As shown in Table 1 , glycerol production in the Klerg6 mutant was seven times lower compared to that in the wild-type strain but induced to the wild-type level in the presence of tunicamycin or calcofluor white. On the other hand, the glycerol content in the Scerg6 mutant was nearly the same as in the wild-type strain (Table 1) and only slightly induced in the presence of both drugs. The transcript levels of GPD1 gene in both yeast species also showed notable differences. In the Klerg6 mutant, the level of transcription of GPD1 gene was only half of that observed in the parental strain, but in S. cerevisiae, there were no differences between the wild-type and the Scerg6 mutant (Fig. 5A) . In K. lactis, we observed highly induced GPD1 transcription in the presence of this drug (Fig. 5B) . The transcription of GPD1 gene was about 50% lower in Scerg6 mutant compared to that in the corresponding wild-type strain (Fig. 5B) . Overexpression of KlGDP1 could thus provide higher tolerance to Klerg6 mutant cells to calcofluor white and tunicamycin.
DISCUSSION
In this study, we endeavored to understand the cause of the considerable disadvantage of K. lactis cells without a functional KlERG6 gene. The ERG6 gene encodes the protein responsible for the methylation of zymosterol at C-24 (Gaber et al. 1989) . Kluyveromyces lactis cells with the KlERG6 gene deletion were found to have several deficiencies: The ergosterol content in mutant cells is reduced and precludes the normal activity of KlPdr5p (Konecna et al. 2016) . Here, we extend these observations and show that the absence of KlErg6p significantly reduces the tolerance of Klerg6 mutant cells to alkali metal cations and weak acid preservatives (propionic, sorbic, benzoic and acetic acids). On the other hand, K. lactis ERG6 gene deletion leads to increased resistance to calcofluor white (Konecna et al. 2016) and tunicamycin in comparison to parental strain or the S. cerevisiae erg6 mutant.
Similar to the proposal of Goossens et al. (2000) , we considered that a mutant with altered tolerance to diverse toxic cations, differing in the uptake transport systems and toxicity mechanism(s), would probably reflect a change in plasma membrane potential. We have showed that the absence of 4.22 ± 0.5 6.6 ± 0.8 9.52 ± 0.9
Glycerol concentration was determined as described in Material and Methods. Each value is the mean of three to five independent experiments.
KlErg6p led to the hyperpolarization of plasma membrane but did not significantly influence the plasma membrane fluidity. Therefore, the phenotypes that we observed were probably not connected with changes in the fluidity of the membrane. The lipid composition of the cell membrane is the major determinant regulating the movement of compounds between the external environment and the interior of the cell. Previously, it has been shown that Erg6p function is important for the delivery of proteins to the plasma membrane (Proszynski, Klemm and Gravert 2005) . On the other hand, Barreto et al. (2011) reported that a significant decrease in K + uptake observed in the S. cerevisiae erg6 mutant is not the result of reduced amount of Trk1p (K + transporter) in the plasma membrane. Our results showed that KlErg6p is probably not required for the K. lactis Pma1p function, but the K. lactis Pdr12p might require the wild-type plasma membrane sterol composition for its full activity. Ergosterol, with its relatively rigid structure, limits the mobility of phospholipid fatty acyl chains and these effects on the mechanical properties of the bilayer could explain the effect of ergosterol on the function of many membrane proteins.
Sterols are critical for the formation of heterogenous-, ergosterol-and sphingolipid-enriched plasma membrane domains (lipid, rafts) that are supposed to play an important role in various biological processes such as signal transduction, cellular sorting, cytoskeleton organization and asymmetric growth (Lucero and Robins 2004; Sezgin et al. 2017) . Variation in lipid composition can affect the protein-lipid interactions. Any change in these interactions may change protein conformation and thus its bioactivity. Lipid rafts play an important role as a platform for various signaling mechanisms. Recent results suggest that the accumulation of sterol precursors in yeast cells results in deficiencies in MAP kinase signaling. This effect is, however, highly specific (Weichert et al. 2016) . According to Garcia-Rodriguez, Duran and Roncero (2000) , the sensitivity of yeast cells to calcofluor white depends on the functionality of the HOG pathway. Enhanced resistance to tunicamycin has been shown to be the result of hyperactivation of Hog1p (TorresQuiroz et al. 2010) . Tanigawa et al. (2012) have shown that the inhibition of sterol biosynthesis induces the activation of the HOG pathway. The observed resistance of K. lactis KlERG6 gene deletion mutant cells to calcofluor white and tunicamycin could be the result of remodeling of the plasma membrane and/or the cell wall, which then could restrict the access of these drugs to the plasma membrane. However, the cell wall polysacharide composition of the Klerg6 mutant is nearly the same as that of the parental strain. Our results point to the differences in calcofluor white-induced transcriptional change of GPD1 gene in K. lactis and S. cerevisiae. Our findings thus favor the assumption of Kawasaki et al. (2008) , who proposed that signaling systems in K. lactis follow, at least in part, mechanisms different from those of S. cerevisiae. Based on the results obtained we propose that the changes in sterol composition of the Klerg6 mutant plasma membrane (enriched in equivalent amounts of zymosterol and cholesta-5,7,24-trienol instead of ergosterol (Konecna et al. 2016) ) led to the modification of specific protein-lipid interactions and loss of the activity of specific proteins in the plasma membrane. Figure 5 . GPD1 gene expression in K. lactis and S. cerevisiae. KlGPD1 gene expression is lower in Klerg6 mutant than in the corresponding wild-type strain (A), but strongly induced in the presence of calcofluor white (B). ScGPD1 gene expression is not changed in the wild-type and Scerg6 mutant (A) and not induced in the presence of calcofluor white (B). Exponentially growing K. lactis and S. cerevisiae wild-type as well as Klerg6 and Scerg6 cells were exposed to 2.5 μg/mL of calcofluor white for 1 hour. Gene transcription was quantified by qRT-PCR and normalized for ACT1 expression. Data represent mean values of two independent experiments (performed in triplicate). Error bars indicate the SDs.
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